This study examined iron, cobalt, nickel, copper, and zinc content of a model sulfate-reducing 16 bacterium and methanogenic archaeon in mono-vs. coculture. Inductively coupled plasma mass 17 spectrometry and synchrotron x-ray fluorescence microscopy were used to compare elemental 18 content of bulk vs. single cells. Cocultures contained more cellular cobalt than monocultures as 19 well as distinct nanoparticulate zinc-and cobalt/copper-sulfides. This study provides the first 20 evidence that microbes have different metal quotas in mono-vs. coculture, and that cocultures 21 grown in micromolar metal concentrations precipitate different metal sulfide minerals than 22 previous studies of sulfate-reducing bacteria grown at millimolar metal concentrations. 23
Introduction 24
In anoxic natural and engineered environments, sulfate-reducing bacteria and methanogenic 25 archaea perform the last two steps of organic carbon respiration, releasing chemically reactive 26 sulfide and climatically active methane. Sulfate-reducing bacteria and methanogenic archaea can 27 exhibit cooperative or competitive interactions depending on sulfate and electron donor 28 availability (Brileya et Iron is needed for cytochromes and iron-sulfur proteins in both sulfate-reducing bacteria (Fauque 36 and Barton 2012; Pereira et al. 2011 ) and methylotrophic methanogens (Thauer et al. 2008) . 37
Cobalt and zinc are present in the first enzymes in sulfate reduction (ATP sulfurylase, Sat; Gavel 38 et al. 1998 ; Gavel et al. 2008) , and methylotrophic methanogenesis (methanol:coenzyme M 39 methyltransferase; Hagemeier et al. 2006 ). Nickel is found in the final enzyme in 40 methanogenesis (methyl coenzyme M reductase; Ermler et al. 1997) , and zinc is present in the 41 heterodisulfide reductase that recycles cofactors for the methyl coenzyme M reductase enzyme 42 (Hamann et al. 2007 ). Nickel and cobalt are required by methanogenic archaea and sulfate-43 reducing bacteria that are capable of complete organic carbon oxidization for carbon monoxide 44 dehydrogenase/acetyl Co-A synthase in the Wood-Ljungdahl CO 2 fixation pathway (Berg 2011 ; 45 Ragsdale and Kumar 1996) . Hydrogenases containing Ni and Fe are functional in many, but not 46 all, sulfate-reducing bacteria (Osburn et Sulfate-reducing bacteria produce sulfide, which can remove toxic metals from 52 contaminated groundwater due to precipitation of metal sulfides with low solubility (Paulo et al. 53 2015) . Metal sulfides may also limit the availability of essential trace metals for microbial 54 metabolism (Glass and Orphan 2012; Glass et al. 2014 ). Numerous studies have investigated the 55 effect of heavy metals on anaerobic metabolisms at millimolar concentrations in heavy-metal 56 contaminated industrial wastewaters, whereas few studies have investigated interactions between 57 anaerobic microbes and transition metals at the low micro-to nanomolar metal concentrations 58 present in most natural ecosystems and municipal wastewaters (see Paulo et al. 2015 for review). 59
Due to the importance of trace metals for anaerobic microbial metabolisms in 60 bioremediation and wastewater treatment, extensive efforts have focused on optimizing metal 61 concentrations to promote microbial organic degradation in anaerobic digesters (for review, see 62 Demirel and Scherer (2011) ). However, studies of the metal content of anaerobic microbes have 63 almost solely employed non-spatially resolved techniques such as ICP-MS on monocultures 64 (Barton et al. 2007; Cvetkovic et al. 2010 ). Thus, application of previous data to complex 65 microbial communities is limited, with few exceptions (Neveu et al. 2016; Neveu et al. 2014 ). In 66 this study, we tested the hypothesis that methanogenic archaea and sulfate-reducing bacteria 67 possess different cellular elemental contents when grown in monocultures vs. coculture. 68
Methanosarcina acetivorans C2A, a well-studied strain capable of growing via aceticlastic and 69 methylotrophic methanogenesis, but not on H 2 /CO 2 , was chosen as the model methanogenic 70
archaeon. For the model sulfate-reducing bacterium, we chose the metabolically versatile species 71
Desulfococcus multivorans , which is capable of complete organic carbon oxidation. Individual 72 cells of mono-and cocultures of these two species were imaged for elemental content on the 73
Bionanoprobe (Chen et al. 2013 ) at the Advanced Photon Source (Argonne National Laboratory) 74 and compared to bulk cellular metal contents measured by ICP-MS. 75
Materials and Methods 76

Culture growth conditions 77
Monocultures of Methanosarcina acetivorans strain C2A (DSM 2834) and Desulfococcus 78 multivorans (DSM 2059) were grown with 60 mM methanol and 20 mM lactate, respectively, as 79 described in Dawson et al. (2015) . Cocultures were inoculated into sterile media containing 60 80 mM methanol and 20 mM lactate to equal initial cell densities of the two species. After 12 days 81 of growth, mono-and cocultures were frozen and pelleted for ICP-MS analysis, or prepared for 82 SXRF imaging. 83 
ICP-MS
Cellular elemental content of monocultures 139
Cellular S contents were significantly higher in methanol-growth M. acetivorans (n=14) than 140 lactate-grown D. multivorans (n=18; p<0.0001; Fig. 1 ; Table 1 ). Mean cellular P contents were 3 141 times higher in M. acetivorans than D. multivorans, but the difference was only significant at p = 142 0.07. Cellular metal contents followed the trend Fe Zn > Cu > Co > Ni and were not 143 statistically different between the two species. 144
SXRF and ICP-MS comparison 145
Metal:P ratios from SXRF and ICP-MS data were compared for each monoculture (Table 2) . For 146 both techniques, the same trends were observed in metal:P ratios as for cellular metal content by 147 SXRF (Fe Zn > Cu > Co > Ni). For each monoculture, metal:P ratios measured by the two 148 methods were generally the same order of magnitude, but SXRF produced higher metal:P ratios 149 for the more abundant metals (Zn, Fe, and Cu), whereas ICP-MS yielded higher metal:P ratios 150 for the less abundant metals (Co and Ni). 151
Relative abundance of species in coculture 152
Coculturing of both species for 12 days in media containing methanol and lactate resulted in 153 dominance of M. acetivorans (77%, or 1,753 cells hybridized with the MSMX860 FISH probe) 154 over D. multivorans (23%, or 522 cells hybridized with the Delta495a FISH probe) for 2,275 155 total cells counted in ten 100x (125 x 125 μm) fields of view. Cells were ~1 μm 2 cocci. No other 156 cells stained with DAPI other than those that hybridized with MSMX860 and Delta495a 157 oligonucleotide probes. 158
Cellular elemental content of cocultures 159
ICP-MS measurement of digested cocultured cells showed Co:P and Cu:P ratios 12-14% greater 160 than predicted based on a 77% M. acetivorans and 23% D. multivorans mix of monocultures 161 (Table 2) , whereas Fe:P and Ni:P ratios were 20-30% lower than predicted, and the Zn:P ratio 162 was the same as predicted. ICP-MS metal:P ratios for cocultures were 6-20 times higher than 163 SXRF metal:P ratios. 164
Whole-cell SXRF imaging was performed on three grid areas containing 30, 15, and 3 165 total cells. ROI areas were 13 cocultured cells were quantified in this dataset, with care taken to 166 avoid regions of elevated non-cellular metals (see Fig. 2 
and next section). No visual difference 167
in elemental distribution was observed between cells (Fig. 2 ). Cellular P content was 168 significantly higher in the cocultured cells than in monocultures (p<0.0001; Table 1 ). Cellular S 169 content of cocultured cells was statistically indistinguishable from the D. multivorans 170 monoculture and significantly lower than the M. acetivorans monoculture (p<0.0001; Fig. 1 ). 171
Cocultured cells contained significantly higher Co and Ni than monocultured cells (p<0.0001; 172 Fig 1) . Coculture Fe and Zn contents fell in the same range as monocultures, while cellular Cu 173 contents were significantly lower in cocultures than monocultures (p<0.05). 174
Non-cellular metals in cocultures 175
In whole cell SXRF images, discrete non-cellular (low-P) hot spots of Zn (max: 0.7 μg cm -2 ), Co 176 (max: 0.4 μg cm -2 ) and S (max: 2.7 μg cm -2 ) were present amongst a cluster of cocultured cells 177 identified as P-rich cocci (Fig. 2) . In thin sections, semi-circular non-cellular Zn hot spots (0.6 ± 178 0.1 μm 2 ; n=8) containing ~1:1 molar ratios of Zn:S (17 ± 2 μg Zn cm -2 : 7.6 ± 0.7 μg S cm -2 ) 179 were interspersed amongst cell clusters ( Fig. 3a-e ). The Zn hot spots were spatially segregated 180 from more numerous semi-circular non-cellular cobalt globules of the same size (0.6 ± 0.1 μm 2 ; 181 n=45) containing 2.1 ± 0.1 μg Co cm -2 , 3.4 ± 0.2 μg S cm -2 , and 1.3 ± 0.1 μg Cu cm -2 . Discrete 182 semi-circular patches of elevated Ni (max: 2.9 μg cm -2 ) with low S content were observed in two 183 imaging fields (Fig. 3b,c) . Importantly, this study provides the first evidence that microbes have different metal quotas 271 when grown in monoculture vs. coculture, and may precipitate different metal sulfide minerals 272 when exposed to micromolar vs. millimolar metal concentrations. 273
Conclusions 274
Overall consistency between SXRF and bulk ICP-MS data suggests that the Bionanoprobe is a 
